Members of the protein family called ATPases associated with various cellular activities (AAA ؉ ) play a crucial role in transforming chemical energy into biological events. AAA ؉ proteins are complex molecular machines and typically form ring-shaped oligomeric complexes that are crucial for ATPase activity and mechanism of action. The Escherichia coli transcription activator phage shock protein F (PspF) is an AAA ؉ mechanochemical enzyme that functions to sense and relay the energy derived from nucleoside triphosphate hydrolysis to catalyze transcription by the 54 -RNA polymerase. Closed promoter complexes formed by the 54 -RNA polymerase are substrates for the action of PspF. By using a protein fragmentation approach, we identify here at least one 54 -binding surface in the PspF AAA ؉ domain. Results suggest that ATP hydrolysis by PspF is coupled to the exposure of at least one 54 -binding surface. This nucleotide hydrolysis-dependent presentation of a substrate binding surface can explain why complexes that form between 54 and PspF are transient and could be part of a mechanism used generally by other AAA ؉ proteins to regulate activity.
N
umerous cellular activities rely upon ATP binding and hydrolysis by mechanochemical enzymes. Sequence analysis and structural comparisons have revealed a major protein family [ATPase associated with various cellular activities (AAA ϩ )] that functions in diverse cellular activities in all three kingdoms of life (1) . Members of the AAA ϩ family are typified by their ability to self-assemble into oligomeric structures and have the conserved function of converting the energy derived from ATP hydrolysis into mechanical force to remodel their target substrates. Substrates for AAA ϩ proteins include large protein complexes, nucleic acids, and nucleoprotein complexes (1, 2) . How ATP binding and hydrolysis are coupled to function in AAA ϩ proteins is not well understood at a mechanistic level.
Transcription activator proteins that target the bacterial RNA polymerase (RNAP) associated with the enhancer-dependent promoter specificity factor 54 are AAA ϩ proteins (3) (4) (5) . In bacteria, two classes of factors exist, the 70 and the 54 class (6) . Even though members of both classes bind to a common core RNAP, the two types of holoenzyme are differently regulated. Unlike the required the presence of ADP-AlF x , a transition state analogue of ATP at the point of hydrolysis (8) . We proposed that NTP hydrolysis permits conformational changes in 54 -dependent activators that permit stable binding of the activator to 54 , an interaction important for efficient energy coupling that leads to open complex formation (5, 8) . Unstable NTP-independent complexes between 54 and the activator DctD have been demonstrated, and may occur before NTP hydrolysis (4, (9) (10) .
To investigate how NTP regulates the activity of 54 -dependent activators, we conducted protein-fragmentation studies on one 54 activator protein, the Escherichia coli 54 -activator phage shock protein F (PspF) that is involved in stress response (11, 12 
Materials and Methods
Plasmids and Strains. Plasmid pJS101 (pET28b ϩ ::pspF⌬HTH) encodes E. coli PspF residues 1-292 with expression controlled by the T7 promoter in vector pET28b ϩ and was the template for plasmid pPB1 encoding PspF residues 1-275. DNA encoding residues 1-275 was amplified by using the T7 (Novagen) and Fcd (5Ј-ACGTAAAAAGCTTCACAGTGTTGGAAGCGAGGT-3Ј) primers (underlined sequence indicates the restriction site for HindIII) and cloned into NdeI-HindIII-digested pET28b ϩ (Novagen). pPB1 encodes PspF residues 1-275 as an amino-terminal 6 His-tagged fusion protein.
pPB1 was template to amplify DNA encoding PspF fragments F1-4 by using appropriate primers for PspF F1 (residues 69-134), PspF F2 (residues 69-102), PspF F3 (residues 89-134), and PspF F4 (residues 69-93). PCR fragments were inserted into NcoI-HindIII-digested pMBP::Parallel1 (13). Plasmids pPB2, pPB3, pPB4, and pPB5 encode PspF fragments F1-F4, respectively, in-frame with the E. coli malE gene. Mutant PspF fragments F4 were constructed as described above by using pPB1 harboring the relevant mutations Ser-753Ala (S75A), H80A, T86A, and T86S as the template.
E. coli strain JM109 containing the 54 -dependent transcriptional pspAp-lacZ fusion carried by the tetracycline-resistant plasmid pSJ1 (S. E. Jones and M.B., unpublished work), a derivative of pMR25 (gift of M. R. K. Alley), was used to measure PspF 1-275 activity in vivo. pPB1 derivatives containing the mutant forms of pspF was XbaI-HindIII-digested, and the mutant sequences were cloned into the chloramphenicol-resistant pACT3 plasmid (14) so as to express the wild-type or mutant PspF proteins under the control of a tac promoter.
derivative plasmids were diluted 100-fold into LB with the appropriate antibiotics. After 3 h at 37°C, 1 mM isopropyl ␤-D-thiogalactoside (IPTG) was added and ␤-galactosidase activities were determined after a 2-h incubation. ␤-galactosidase activities were assayed as described (15) and expressed as units per OD 600 (Miller units) .
Proteins. Plasmids pPB2, pPB3, pPB4, and pPB5 were transformed into E. coli strain TB1 (New England Biolabs), and MBP fusions were overexpressed. Freshly transformed TB1 cells (Ϸ100-200 cfu) were used to inoculate 1 liter of LB media and grown at 37°C. At OD 600 of 0.4-0.6, the cultures were induced with 1 mM IPTG, and the PspF fragments were overexpressed for 2 h. Harvested cells were resuspended in 10 mM Na 2 HPO 4 , pH 7.0/30 mM NaCl/0.05% (vol/vol) Tween 20/10 mM 2-mercaptoethanol/10 mM EDTA/1 mM PMSF and disrupted by using a French pressure cell; subsequently, they were lysate-centrifuged (15,000 ϫ g for 30 min) and NaCl was added to 0.5 M. Supernatant was loaded onto 2 ml of amylose resin column (New England Biolabs), the column was washed with 10 mM Na 2 HPO 4 , pH 7.2/0.5 M NaCl/10 mM 2-mercaptoethanol/1 mM EDTA, and proteins were eluted with 10 mM maltose. Fractions containing the fusion protein were pooled, dialyzed against storage buffer (10 mM Tris⅐HCl, pH 8.0/50 mM NaCl/50% (vol/vol) glycerol/0.1 mM EDTA/1 mM DTT) and stored at Ϫ80°C.
PspF 1-275 was purified as described (16) . For 32 P end-labeling, a heart muscle kinase-tagged Klebsiella pneumoniae 54 was purified, as described (17) . K. pneumoniae 54 (residues 1-477), its derivative ⌬R1 54 lacking region 1 (residues 57-477), and 54 region 1 (residues 1-56) were purified as described (18, 19) . E. coli core RNAP was purchased from Epicentre Technologies (Madison, WI).
ATP Binding and Hydrolysis Assays. ATP binding assays by UV crosslinking were performed as described (20 Ci/mmol; 1 Ci ϭ 37 GBq) Ϯ 3 mM ATP. Samples were illuminated by a UV lamp (254 nm, UVG-54, Ultraviolet Products, San Gabriel, CA) at a 3-cm distance (15 min, 0°C) and analyzed by 15% SDS gel. The dried gel was visualized by phosphorimaging (Fuji Bas-1500).
The ATPase assay was performed in reaction buffer A with 2 M PspF 1-275 , as described (11) . Released P i was separated from ATP by using thin layer chromatography as described (21) and measured by phosphorimaging.
Native Gel Mobility Shift Assays. Sinorhizobium meliloti nifH homoduplex promoter probe and a heteroduplex variant that mimics the conformation of promoter DNA at position Ϫ12 (where DNA melting originates) as it exists within closed promoter complexes (by having a 2-bp mismatch next to the conserved GC-region of 54 -dependent promoters), called the early-melted probe (see Fig.  2 A), were constructed as described (22, 23) . Binding reactions were performed in 25 mM Tris-acetate, pH 8.0/8 mM Mg-acetate/100 mM KCl/1 mM DTT/3.5% (wt/vol) PEG-6000 with 16 nM promoter probe end-labeled on one strand with T4 polynucleotide kinase and [␥- Immunoblotting. PspF MBP-F4 complexes were separated on native-gels and visualized by autoradiography of the wet gel. Bands were excised and applied to a 12.5% SDS gel. After electrophoresis, proteins were transferred onto nitrocellulose membranes by using a semidry transblot system (Bio-Rad). Antibodies specific for maltose binding protein (MBP; New England Biolabs), the RNAP ␤-subunit (gift of Akira Ishihama, Tokyo), and alkaline phosphatase-conjugated anti-rabbit IgG (Promega) were used.
DNase I Footprinting. Binding reactions were conducted as described above but with 50 nM early-melted promoter probe (template strand end-labeled). DNase I footprinting was conducted essentially as described (23, 24) . Briefly, DNase I (1.75 ϫ 10 3 units, Amersham Pharmacia) was added to a 10-l binding reaction for 1 min, and the reaction was stopped by adding 10 mM EDTA. Complexes were separated on native gels, DNA was excised and eluted into 0.1 mM EDTA, pH 8.0, at 37°C overnight. Recovery of isolated DNA was determined by dry Cerenkov counting, and equal numbers of counts were loaded onto a denaturing 10% polyacrylamide gel. The dried gel was visualized by phosphorimaging.
In Vitro Transcription Assays. The template for the in vitro transcription assays was the supercoiled plasmid pSLE1 (11), which contains the E. coli pspA promoter. Activator-dependent transcription was performed as described (25) . Reactions were done at 37°C and contained 100 mM holoenzyme (1:5 ratio of core RNAP: 54 ). After activation with 4 M PspF 1-275 , the reactions were incubated for 20 min to allow open complex formation. To allow synthesis of transcripts, heparin (100 g/ml
Ϫ1
, final concentration), a mixture of rNTPs and 12.5 Ci [␣-32 P]UTP (800 Ci/mmol) were added for an additional 10 min. The reactions were stopped with 4 l of formamide loading dye, heated to 95°C for 3 min, and half the sample was run directly on a 6% denaturing sequencing gel. Dried gels were visualized by phosphorimaging. , and 150 nM early-melted DNA probe (see above). After incubation for 10 min at 37°C, 150 ng of V8 protease (Sigma) was added for 2 min, followed by the addition of 500 M dichloroisocoumarin to stop digestion. Reactions were run on a 4.5% native gel to separate promoter-bound (10, 26, 27) . These fragments variably contain the Walker B motif associated with nucleotide binding and/or the GAFTGA amino acid sequence, which is strongly implicated in productive engagement of the 54 -RNAP but which contains some residues not required for ATP hydrolysis per se ( Fig. 1 and Table 1; refs. 10, [26] [27] [28] [29] . The end point of the fragments was based on structure considerations using a model of PspF based on the AAA ϩ protein p97 for guidance (5) . Fragments with ''complete'' secondary structure elements were chosen. The fragments were purified as MBP fusion proteins (hereafter called PspF MBP-F1 to MBP-F4).
Initially, we screened for the ability of the four PspF MBPfragments to interact with We analyzed the composition of the PspF MBP-F4 complex by immunoblotting with antibodies against MBP (to confirm the presence of PspF MBP-F4) and the RNAP ␤-subunit (to rule out contaminating core RNAP) and by using (Fig. 3A, compare lanes 2 and 5) . The PspF MBP-F4 complex formed far less efficiently (by more than 10-fold) with the ⌬R1 54 bound to the early-melted probe (Fig. 3A, lane 3) . However, addition of region 1 sequences in trans markedly improves the binding activity of ⌬R1 54 to the earlymelted probe and the amount of PspF MBP-F4 complex formation (Fig. 3A, lane 4) . Region 1 alone does not bind the early-melted The level of ␤-Galactosidase activity in the absence of pACT3 derivative plasmid is 8. † pspAp-specific transcription, as described in Materials and Methods in the presence of 4 M PspF1-275. The amount of transcript is in arbitrary units and was quantified by PhosphorImager analysis. ‡ Indicates the ability of the PspF1-275 mutants to oligomerize in the presence of ADP-AlFx (8) . ϩ, wild-type levels of oligomerization. Ϫ, no oligomerization was detected. § Indicates the ability of 54 to form a stable complex with the oligomerized PspF1-275 (8) . ¶ The ATP binding activities of the variant forms of PspF1-275 were measured with 5 M purified protein, as described in Materials and Methods. ϩ, wild-type levels of ATP binding. The ATPase activities of the variant forms of PspF1-275 were measured with 2 M purified protein after a 1-h reaction, as described in Materials and Methods. Hydrolysis was measured as the release of 32 Pi, which was detected by TLC and quantified by PhosphorImager analysis. **The failure to see ADP-AlF x-dependent oligomerization with PspF1-275 harboring the T86S mutation is unexpected and has been explored in ref. 8 . (Fig.  1) , plays an important role in coupling NTP hydrolysis to biological output (10, 26, 27) . A six-amino acid motif (GAFTGA; residues 82-86) within the C3 region is strongly implicated in interactions with 54 (10, (26) (27) (28) . Parts of the GAFTGA motif are essential for aspects of successful energy coupling between an early-melted probe-bound To analyze the contribution of highly conserved C3 residues to PspF MBP-F4 activity, we constructed six mutations in the context of PspF MBP-F4: S75A, H80A, F85A, F85L, T86A, and T86S (Fig.  1) . In the context of PspF , none of these mutant proteins significantly activated transcription from the pspA promoter in vivo or in vitro, except the conservative T86S mutant (Table 1) . Binding assays with 54 and the early-melted probe showed that PspF MBP-F4 harboring the S75A and H80A mutations in the D/ESELFGH motif were able to form PspF MBP-F4 complexes as well as the wild-type PspF MBP-F4 (Fig. 3B, lanes 4 and 5) . PspF MBP-F4 with the T86A mutation in the GAFTGA motif failed to form a detectable PspF MBP-F4 complex, contrasting the wild-type PspF MBP-F4 and PspF MBP-F4 harboring the more conserved substitution T86S (Fig. 3B, lanes 6 and 7) . We confirmed by matrix-assisted laser desorption ionization-time of flight mass spectrometry that the PspF MBP-F4 protein harboring the T86A mutation was intact (data not shown). Therefore, in the context of the PspF MBP-F4, it seems that T86 contributes to an energetically favorable interaction with 54 . Further, PspF 1-275 containing the T86A mutation is active for ATP binding and hydrolysis but not for forming an ADP-AlF x -dependent stable binary complex with 54 (Table 1, ref. 8) . Interestingly, the adjacent substitutions F85A and F85L in PspF MBP-F4, as well as the S75A and H80A mutations, did not diminish PspF MBP-F4 complex formation. However, because these mutations, unlike the T86A mutation in the context of PspF , showed defects in ATP hydrolysis but not in ATP binding (Table 1) , we conclude that conserved residues S75, H80, and F85 in the C3 region are required for full ATP hydrolysis. Overall, the results strongly suggest that (i) certain residues in the GAFTGA motif, and apparently not those of the D/ESELFGH motif, in the conserved C3 region of PspF are required for binding to 54 , and (ii) NTP hydrolysis is required to present sequences in C3 for stable binding to cleavage (Fig. 4B, lane 3) . Strikingly, analysis of the PspF MBP-F4 complex indicated that binding of PspF MBP-F4 to 54 -earlymelted probe complex changes the DNA contacts made by 54 , as evidenced by (i) the hypersensitivity of the DNA to DNaseI in the Ϫ5 to Ϫ33 region, and particularly around position Ϫ12, where DNA melting originates (Fig. 4B, compare lanes 3 and 4; also, marked by arrows in Fig. 4C) , and (ii) the extended protection of DNA from DNaseI cleavage in the downstream direction beyond position Ϫ5 (Fig. 4B, compare lanes 3 and 4; also, marked by stars in Fig. 4C ). We also noted that the DNA-cleavage pattern upstream of position Ϫ34 was reproducibly more protected in the ternary PspF MBP-F4 complex than in the binary 54 -early-melted probe complex. However, we cannot offer an explanation for this observation. Overall, the DNA footprinting data suggest that PspF MBP-F4 exerts an NTP-independent effect on 54 -region 1 interactions with the fork-junction structure at position Ϫ12, which is consistent with (i) the action of PspF in NTP-dependent reactions (23, 33) and (ii) requirement of region 1 for ternary complex formation by PspF MBP-F4. 54 Requires NTP Interactions. Results so far clearly indicate that (i) a sequence exists in PspF, critically including the GAFTGA motif, which makes a direct and functionally significant contact with 54 , and (ii) in the absence of NTP, this sequence is not fully available to make a stable interaction with 54 when present in the context of intact PspF or PspF (8) . Therefore, PspF may make a stable interaction with 54 in one or a few restricted NTP-dependent functional states, as mimicked by our protein fragmentation results. However, weak interactions between 54 -RNAP and PspF as well as some other activators, such as DctD, have been reported to occur in the absence of NTP (9, 10, 26) . To investigate this further, we formed the 54 -early-melted probe complex by using 32 P-end-labeled 54 , exposed it to PspF in the absence of NTP, and treated the reaction with V8 protease to try to detect 54 -PspF 1-275 interactions by protein footprinting. As expected, no stable ternary complex between 54 -early-melted probe complex and PspF was detected when the reactions were analyzed by native PAGE (data not shown). However, when the 54 -early-melted promoter complex that had been exposed to PspF 1-275 and V8 protease was isolated from a native gel and analyzed by SDS/PAGE, we detected an altered cleavage pattern across 54 region 1 (Fig. 5, lane 2) . This cleavage pattern was not found in the absence of PspF (Fig. 5, lane 3) . Because we failed to observe a stable ternary complex between PspF 1-275 , 54 , and early-melted probe by native PAGE, we interpret the altered V8 protease cleavage pattern as evidence that a weak 54 -PspF 1-275 interaction independent of NTP can occur.
Stable Binding of PspF to

Discussion
The AAA ؉ Domain of PspF. is normally masked in the absence of NTP. Because PspF MBP-F4 complex formation is strictly dependent on 54 region 1 sequences and a fork-junction DNA structure that is universally used by RNAP en route to transcription initiation (31), we propose that the interaction 54 region 1 makes with the fork-junction structure generates a local small structure that is recognized by PspF. . Properties of the F85A and T86A substitutions in the context of PspF indicate that the integrity of the GAFTGA motif is also required for the NTPdependent oligomerization of PspF ( Table 1 ), suggesting that the GAFTGA motif is part of a network of interactions that involves indirect T86 and F85 interactions with NTP. Consistent with this view, structure-based homology modeling of PspF using the AAA ϩ proteins p97 and HslU known structures indicate that the 54 interacting surface is proximal to the oligomerization interface within a dimer of PspF ( in the closed complex, but this interaction is not sufficient for transcription initiation; (ii) when bound to NTP and at the point of hydrolysis, PspF adopts a different functional state that allows a stable interaction with 54 that leads to energy coupling and catalysis of open complex formation; (iii) NTP hydrolysis leads to domain movements in PspF that result in the presentation of C3 sequences in a specific structural context capable of interacting with the nucleoprotein target, the 54 -RNAP closed complex. The latter point probably explains why other PspF fragments, notably PspF MBP-F1 and PspF MBP-F2, which also contain the GAFTGA motif but within different contexts, fail to form a stable complex with the early-melted promoter probe-bound 54 . Our fragmentation approach is a retention of function approach. It has the advantage of not being based on loss of function analysis, which suffers from potential indirect deleterious effects of mutations. Thus, the fragmentation analysis of PspF is widely applicable to explore how NTP hydrolysis conditions biological output in many AAA ϩ proteins.
Overview. The changes in protein conformation we envisage in PspF and other AAA ϩ proteins appear to be orchestrated by the binding and subsequent hydrolysis of NTPs. The identification of a 54 -binding surface provides one of the few extant examples where NTP hydrolysis causes conformational changes that result in the unmasking and/or stable presentation of a target-binding surface within an AAA ϩ domain. In the E. coli RuvB protein which promotes branch migration of Holliday junctions in conjunction with RuvA, NTP hydrolysis causes the protrusion of a unique ␤-hairpin from the AAA ϩ domain, which then stably interacts with RuvA (35) . Strikingly, and as predicted for PspF, in the E. coli AAA ϩ protease HslU (that functions together with HslV), the HslV-binding surface is located in a hydrophobic pocket at the HslU-HslU interface within the AAA ϩ domain. During ATP hydrolysis, the HslV-binding surfaces distend to form the functional HslUV complex (36) , which suggests the shared use of targetbinding site ''presentation'' modulated by NTP interactions. A model of PspF (derived from p97 and HslU) also suggests that the C3 region is a loop structure that could be relocated upon ATP hydrolysis (Fig. 6 and ref. 5 ).
